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Neutron scattering, Raman, and infrared absorption measurements have been made to study the lattice
dynamics of cesium hexafluorosilicate (IV), a cubic antifluorite-type material. Dispersion relations for normal
modes of vibration, with energies less than 20 meV (160 cm™'), along the [£00], [£££], and [££0]
symmetry directions have been determined by coherent-inelastic-neutron-scattering experiments. Light
scattering measurements were used to determine the Raman-active zone-center vibrations, while infrared
spectra showed both fundamental and combination bands. The rigid-ion lattice-dynamics model of O’Leary
and Wheeler was fit to the available experimental data, and gave a reasonably good representation of the
lattice dynamics. The model was then used to calculate the phonon density of states for Cs,SiFs;. Phonon
structure present in the luminescence spectra of MnFg =2 in Cs,SiF¢ has been compared with the Cs,SiF
phonon-density-of-states calculation. Selection rules have been used to assign the low-energy vibronic

structure to high-symmetry critical points in the Brillouin zone of Cs,SiF.

I. INTRODUCTION

Materials of the form Cs,MF, (e.g., M = Ge, Si)
have the cubic antifluorite crystal structure in
which the M ions occupy a face-centered cubic
lattice and possess cubic point symmetry. The
M -type ions can be substitutionally replaced by
many types of impurity ions and, because of the
high symmetry of the impurity sites, these ma-
terials are good candidates for optical studies of
the electronic spectra of the impurity ions. Gen-
erally, the electronic and lattice-dynamical
properties are strongly interrelated; and it then
becomes highly desirable to have a thorough
understanding of the lattice dynamics of the host
material. We have therefore undertaken a study
of the vibrational spectra of Cs,SiF, using neutron,
infrared, and light scattering techniques.

In recent years a large number of high-resolu-
tion MX;? octahedral impurity ion optical studies
at liquid-helium temperature have been reported,*
and the experimental spectra are characterized
by detailed phonon structure. In an attempt to
understand these data, comparisons have been
made with Raman and infrared determined zone-
center vibrational energies, where a high density
of phonon states is likely to occur. However,
these are not the only phonons that participate in
the electronic transition and, in fact, there are
generally more experimental vibronic peaks than
expected from such a simple isolated-ion model.
Also, an isolated-ion model is inadequate to un-
derstand recent Zeeman polarization studies.?

In an attempt to describe the lattice dynamics

of A,MX, antifluorite-type systems, O'Leary and
Wheeler® (OLW)have carried out a series of crystal-
lographic and spectroscopic experiiments on
K,ReCl;, a substance which exhibits four phase
transitions below room temperature. They were
able from symmetry considerations to assign a
number of phonons to zone-center and zone-
boundary phonons, and to use a rigid-ion lattice-
dynamics model to predict phonon dispersion
curves. Durccher and Dorain,* using the (OLW)
model, calculated the phonon density of states

of K,ReCl, and compared these results with the
detailed 4 K optical-absorption spectra for im-
purities of Os*™ and Re* in single crystals of
K,PtCl,. Their analysis provided strong evidence
that the previously used isolated-ion model was
inadequate. Further, they pointed out that vibra-
tions that have even inversion symmetry at the
zone center may become odd at other positions in
the Brillouin zone, and thus can be very important
in assigning phonon structure present in optical
transitions.

Recently, Chodos and Satten® have proposed a
lattice-dynamical model for Cs,UBr, to assign the
vibronic sidebands in this antifluorite cubic ma-
terial. Their seven-parameter model employed
a Urey-Bradley valence force field for the short-
range interactions and standard long-range
Coulomb terms. Only zone-center infrared and
Raman data were used to determine numerical
values of the seven force constants. Nevertheless,
this calculation showed the importance of consid-
ering the entire Brillouin zone in assigning the
optical spectra of impurity ions in crystals.

1213 ©1979 The American Physical Society



1214 H. H. PATTERSON AND J. W. LYNN 19

Finally, Chodos, Black, and Flint® have recently
reported a lattice-dynamics analysis of the zEg
—*A,, detailed luminescence spectra for Cs,MnF,
and A ,MF,:MnF, 2 mixed crystal systems with the
A ,MF host lattice having M =8Si, Ge, andA =K,
Rb. The experimental optical spectra were com-
pared with the calculated phonon dispersion curves
for Cs,MnF, to assign the low-energy lattice vi-
bronic structure.

With the recent use of various lattice-dynamical
models to interpret the detailed optical spectra of
MX? complexes, it is important to test these mod-
els for their reliability. Inelastic neutron mea-
surements are the best approach because phonon
energies versus wave-vector dispersion relations
can be obtained directly from experiment. Once
a proper foundation of the lattice dynamics and its
influence on the optical spectra of ions in these
crystals has been established, optical measure-
ments in new systems can then be used to obtain
the energies and symmetries of lattice vibrations
not available from Raman and infrared measure-
ments. Thus we have studied K,ReCl; and Cs,SiF
by inelastic neutron scattering. Cs,SiFy is known
to have the same face-centered cubic structure
between 4-300 K while K,ReCl; has displacive
phase transitions which occur by a soft rotary
mechanism. The K,ReCl; study is reported
elsewhere.” Here we will confine our attention to
Cs,SiF,.

The organization of this paper is as follows.

In Sec. II the optical experimental details will be
reported, and in Sec. III the phonon dispersion
measurements will be discussed. In Sec. IV the
lattice-dynamics analysis will be presented, and
in Sec. V the optical data will be assigned from
the lattice-dynamical model results.

FIG. 1. Schematic representation of the Cs,SiF
antifluorite lattice. The circles depict the Cs* ions.
The octahedra represent the SiF; ™2 ions and occupy a
face~centered cubic lattice with Si ions residing in the
center of each octahedra and the six F ions at the cor-
ners,

II. OPTICAL MEASUREMENTS
A. Crystal details

Cs,SiF, possesses the antifluorite crystal struc-
ture with space group O}(Fm3m). The structure
is the same as that of CaF,, with the replacement
of Ca* by an SiF,? octahedral complex ion, and
the F~ ion by a Cs* cation. The SiF,2 ions form a
face-centered cubic lattice as shown in Fig. 1,
with F atoms located along the six equivalent
cubic axes a distance u (unspecified by symmetry)
from the silicon atom.

The primitive unit cell contains nine atoms, and
thus there are 27 phonon branches in the vibra-
tional spectrum. In Table I the symmetries and

TABLE I. Summary of zone-center vibrational modes.

Irreducible

representation Description Activity Energy, cm-t
™ @) Symmetric internal mode Raman 6472
T (v,) Stretching internal mode Raman 4692
T4 () Stretching internal mode Infrared 740°¢
4 () Bending internal mode Infrared 470¢
5 (v5) Bending internal mode Raman 4012
Is- (ve) Bending internal mode Inactive d
¢ Optical mode Infrared 96—106 for TO
gy Rotary mode Inactive 8g P
4 Acoustic mode cee 0
o Cs* motion Raman 68.8%

2Raman measurements carried out at liquid-helium temperatures.

b Determined from inelastic neutron measurements at 6 K,

¢Infrared measurements carried out at liquid-nitrogen temperature.

dDetermined from infrared combination band analysis to be about 265 cm-! at the zone cen-

ter.



activities of the zone-center vibrational modes
are given. Fifteen branches correspond to intern-
al mode vibrations of the SiF, ? octahedral com-
plex.. These vibrational energies are greater than
200 em™,. or 25 MeV (1 MeV =8.066 cm™'), and

no attempt has been made to study them by neu-
tron scattering. The remaining vibrational modes
are of four types: acoustic, Cs*-ion motion,
oc¢tahedral rotary motion, and optical mode mo-
tion with the cations and anions moving out of
phase. The rotary mode is neither Raman or in-
frared active at the zone center. This mode has
been of much interest in K,ReCl;*" and is re-
sponsible for at least two displacive phase tran-
sitions in this material.

The Cs,SiF, single crystals were grown from a
40% hydrofluoric acid solution by slow evapora-
tion over a period of about a month, The dimen-
sions of the largest single crystal was about
2 X 6x6 mm and the crystal was colorless. The
unit-cell length of this cubic crystal was deter-
mined from elastic neutron scattering experi-
ments to be 8.92 A at room temperature and
8.82 A at 5 K.

B. Raman measurements

Raman experiments were carried out on a single
Cs,SiF, crystal at 6 K to determine the Raman-
active zone-center mode energies. A krypton
laser with excitation at 530.9 and 520.8 nm was
used. The scattered radiation was detected by
means of a photon counting setup which has been
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FIG. 2. Raman spectrum at liquid-helium temperature
for Cs,SiFg single crystal with laser excitation at 5309 A
showing the dependence of the scattered light intensity on
the Raman polarizability tensor component. In (a) and
(b), with 90° scattering, the ¢, and o,, Raman tensor
components, respectively, are shown. The intensity
of scattering is proportional to |a,,|?%.
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described previously.®

The Raman spectrum for Cs,SiF; at 6 K is dis-
played in Fig. 2. From polarization considerations
the peak at 647 cm™ can be assigned to the sym-
metric stretch mode v,. Also, the 469- and
401-cm™ peaks can be assigned to the v, asym-
metric stretch and v; bending modes, respective-
ly. The 68.8 cm™ peak must be assigned to the
I'** zone-center cation motion lattice mode.
These assignments are in agreement with litera-
ture results for Cs,SiF,.°

C. Infrared measurements

Infrared absorption experiments between 250
and 1500 cm™* were carried out for Cs,SiF,, at
room temperature and liquid-nitrogen tempera-
ture, to observe possible combination and over-
tone peaks. A Beckman infrared spectrophotom-
eter was used. A Cs,SiF, powder sample was
pressed into a pure clear pellet about 0.1 mm
thick. The experimental data are shown in Fig.
3 and the IR energies are listed in Table IL
From the relative intensities of the various peaks,
it is reasonable to assign the 474~ and 722-cm™!
peaks as due to the v, bending and v, stretching
modes, respectively. The remaining peaks are
due to combination excitations and their assign-
ments will be discussed in Sec. V.

III. INELASTIC NEUTRON MEASUREMENTS

The inelastic neutron scattering measurements
were done on triple-axis spectrometers at the
High Flux Beam Reactor at Brookhaven., The
monochromator was a (002) curved pyrolytic
graphite crystal and the analyzer was a (002) py-
rolytic flat graphite crystal. For the inelastic
measurements 20" or 40’ full width at half maxi-
mum (FWHM) Séller slits were placed both be-
fore and after the monochromator and the analy-
zer to limit the horizontal divergence of the neu-
tron beam. Most of the measurements were per-
formed with the scattered neutron energy fixed
at 24.0 MeV and the incident neutron energy
variable between 24 and 43 MeV, so that the cross
section for the creation of phonons was measured.'®
The constant 6 mode of operation was used al-
ways, where

Q=K,-K;=7+d o))
Here, f{'{ and ﬁf are tl_l.e initial and final wave vec-
tors of the neutron, 7Q is the momentum trans-
ferred to the crystal, T is a reciprocal lattice
vector, and q is the wave vector of the phonon,

From coherent inelastic scattering experiments
one can determine the frequencies, wave vectors,
and polarizations of the normal modes of vibra-
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tions of a single crystal. It can be shown that the
differential cross section for coherent inelastic
scattering is given by?°

N, > -
O.J(Ki—’Kf = '2— 1—{'? (Nji 1) g?(qy T) (2)

for a constant @ scan. With phonon annihilation,
the thermal population factor N, = [exp (hv/KT) - 1] *
is used, and for phonon creation, N, +1 is

used. The ¢ 2¥ factor is the Debye-Waller factor.
The quantity

1500

2@ 2= 3| 2@ E @)
&3, n= ; ’W
@ R)em-w@)| ©

is the dynamical structure factor, with R, the po-
sition of the kth atom in the unit cell, and b, its
coherent-neutron-scattering amplitude. Also,

£ jk(a) is the polarization vector of the Ath atom
with mass M,. Expression (2) indicates that the
intensity of inelastic scattering for a one-phonon
process is directly proportional to the inelastic
structure factor g3(q, 7); thus from a lattice-dy-
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TABLE II. Assignments for Cs,SiFg infrared spectrum.

Energy, cm-l

Peak no. (77 K) Assignment Remarks
1 350 v¢(240) + LO?%(110)= 350 Becomes sharper at 77 K
2 470 vy
3 533 v,4(470) + T'5(69) = 539
4 560 v,(470) + T'%* (88) = 558
5 568 v,(469) + TO(100)= 569 Appears at 77 K
6 638 v52(401) + v, 2(240) =641 Appears sharp at 77 K
7 668 v5(401) + v4(265) = 666 Appears sharp at 77 K
8 740 vg
9 795 3v,(265) =795 Shoulder
10 800 v3(740) + '™ (68)=808 Shoulder; appears at 77 K
11 874 v4(470) + v5(401)=871
12 945 vy (469) + v,(474) =943
13 958
14 1005
15 1120 vy (647) +v,(470)=1117 Becomes sharp at 77 K
v3(722) + v5(401)=1121
16 1130
17 1192 V,(469) + v5(722)=1191
18 1212 V2(469) +v3(741)=1210
19 1240 Appears sharper at 77 K
20 1370 vy (647) + v5(722)=1369 Appears sharper at 77 K
21 1390 2v4(647) + TO(96)=1390 Appears sharper at 77 K

2The lattice-dynamical calculations indicate these energies at the L symmetry point.

namical model one should be able to predict suit-
able reciprocal lattice vectors T at which to ob-
serve the energy of the jth vibrational branch at
a given wave vector q.

Initially, to observe the transverse and longi-
tudinal acoustic modes, g3(q,7) was calculated
for about 100 different reciprocal lattice vectors.
The eigenvectors used were from the O’Leary
and Wheeler rigid-ion lattice-dynamical model®
(to be discussed in Sec. IV) with the same force
constants as reported by OLW for K,ReCl; but
with the masses, positions of atoms, and scatter-
ing amplitudes appropriate for Cs,SiF,." Using
the predictions of this calculation for suitable T
vectors at which to observe the acoustic modes
in the [£00], [£££], and [££0] reciprocal-lattice
directions, inelastic neutron scattering experi-
ments were carried out.

From the acoustic-mode neutron results and
available Raman and infrared data for Cs,SiFg,
the 14 parameters of the OLW dynamical model
were refined. The new eigenfunctions were then
used to predict-suitable reciprocal lattice vectors
at which to observe the rotary, and optical trans-
verse and longitudinal modes. The transverse
and longitudinal optical-mode branches, as well
as the degenerate rotary mode component, were
observed in the A; A, and ¥ reciprocal space
high-symmetry directions (see Fig. 4) at room
temperature. In the experimental (zkk) scattering
plane the nondegenerate rotary mode has a small

value of g% and we did not observe this mode.”
Finally, the inelastic structure factor calcula-

tions predicted that away from the zone center,
for many reciprocal-lattice vectors, the trans-
verse optical (TO) and degenerate rotary mode
components have about the same energies and
structure factors. Thus we had to look for selec-
ted reciprocal positions to distinguish between the
rotary and TO modes. Also, the structure factor
calculations indicated small values of gzj for the
optical mode which involves mostly the Cs*-ion
motion. Fortunately, Raman measurements at
liquid-helium temperature were able to determine

FIG. 4. Face-centered cubic Brillouin zone
appropriate for Cs,SiFg.
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FIG. 5. Sample inelastic neutron scattering
data for the transverse and longitudinal optic
phonons at 300 and 6 K. Note that the signal-to-
noise ratio improves at lower temperatures, in
contrast to the usual situation for phonon scatter-
ing. The solid curves represent a least-squares
fit of a Gaussian function to the data.

the zone-center energy to be 68.8 cm™ or 8.53
MeV.

If the inelastic neutron scattering measurements
at room temperature are compared with the 6-K
results, it is found that the phonon energies gen-
erally shift uniformly to higher energies by 6% as
the temperature is lowered. This increase in the
average phonon energy is expected since the lattice
constant decreases by about 1%. We also remark
that there was a substantial improvement at low
temperatures in the signal-to-noise for many of
the higher-energy phonons. Figure 5 shows
sample experimental data for transverse and
longitudinal optical phonons at room temperature
and 6 K. Usually the signal-to-noise ratio de-
creases at low temperatures due to the decrease
in the phonon thermal population factor N;,. How-
ever, a decrease in N; can sometimes be compen-
sated by an increase in the Debye-Waller factor
e?¥, Moreover, there is a substantial change in
the “background” with temperature, which is due
to a decrease of the multiphonon scattering. These
higher-order phonon cross sections generally vary
relatively slowly as a function of wave vector and
energy, and therefore appear as background.

IV. LATTICE DYNAMICAL MODEL

The lattice-dynamical model that we used for
Cs,SiF is a 14-parameter rigid-ion model de-

veloped by O’Leary and Wheeler.® It does not take
account of the polarizabilities of the ions. The
model was originally developed to describe the
dispersion relations in K,ReCl, in the high-sym-
metry cubic phase and to provide a basis for
understanding the structural phase transitions
that occur in this material. One complication
with the lattice-dynamics analysis is that the Si-F
separation is not determined by symmetry; thus,
the force constants must be consistent with the
observed atom-atom equilibrium separation.

The OLW model considers the atoms to interact
with central forces that can be separated into a
short-range part that acts between neighboring
atoms only and a long-range electrostatic inter-
action between the ionic charges. Ten param-
eters describe the short-range interaction of the
Si-F(2), Cs-F(2), Cs-Cs(2), and F-F(4) atoms
about a single octahedron. Four parameters de-
scribe the interactions between the F atoms on
neighboring octahedra. The long-range Coulomb
interactions are described by effective charges
for the Cs, Si, and F atoms. Electrical neutrality
reduces the number of independent charge-type
parameters to 2. Also, the stability conditions
that (i) the Si-F distance must be the equilibrium
value and (ii) the crystal must be in a state of
vanishing stress means that the total number of
independent parameters is reduced to 14.

The experimental inelastic neutron scattering
results along the A, A, and ¥ symmetry direc-
tions, as well as the Raman and infrared zone-
center data, were fit to the OLW rigid-ion model
by use of the CDC 7600 computer at Brookhaven.
Initially, the internal vibrational mode zone-center
energies were least-squares fit by variation only
of the six force constant parameters that involve
Si-F and F-F atomic motions. Then, the lattice-
mode data with energies less than 200 em™ were
least-squares fit by variation of the remaining
eight force constant parameters that involve Cs-
Cs, F-F neighboring octahedra interactions, as
well as the effective charges of the atoms. In the
final least-squares fit, both the internal vibra-
tional mode TI" data and the lattice-mode disper-
sion data were fit by variation of all the fourteen
force constant parameters. The final dispersion
results for the OLW model are shown in Fig. 6
by the solid lines. The force constants are given
in Table III. A detailed discussion of this lattice-
dynamical model and the definitions of the force
constants can be found in Ref. 3.

The least-squares fit of the (Fig: 6) experimental
data to the OLW model gives an rms deviation
of .27 MeV (2.2 ecm™Y). The good fit demonstrates
that the OLW rigid-ion model is capable of a
reasonable description of the lattice dynamics for
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FIG. 6. Phonon dispersion results for Cs,SiF; at 6 K in the A, A, and Z directions. Experimental data repre-
sented by circles. The solid lines correspond to dispersion curves calculated from the O’Leary and Wheeler
rigid-ion model with the lattice~dynamics parameters of Table III.

a system such as Cs,SiFy in which the ligand is
small atom with a small polarizability.

A Phonon frequency distribution function

The calculation of the phonon density of states

a

was carried out by the extrapolation procedure of

Gilat and Raubenheimer.!! The method involves
dividing the irreducible 1/48th portion of the
Brillouin zone into a mesh of equally spaced
points. The secular dynamical equation

1D;,(@) —w25,,1=0 (i,j=1,27)

)

is diagonalized at each equally spaced point in
reciprocal space and other solutions between the
spaced points are found by linear interpolation.

If the mesh is sufficiently fine, this procedure
will lead to an accurate density of states. How-
ever, for a complicated lattice-dynamical prob-
lem such as the cubic antifluorite Cs,SiF, case,
the dynamical matrix that must be diagonalized
at each mesh point is 27 X 27. The diagonalization
of such a large matrix requires a considerable
amount of computer time; thus the ultimate accu-
racy of g(w) will be limited by available computer

TABLE III. Lattice-dynamics parameters.?

Parameter

Value
Atom Charge
Si 1.19
F —0.52
Cs 0.97
Force constant Parallel Perpendicular
F3(0,0,0)~F4(0,0,0) 0.56 (mdyn/A) —0.14 (mdyn/A)
F3(0,0,0)—F4(%-,—%,0) 0.013 0.032
F2(0,0,0)—F4(0,0,0) 0.22 0.017
F2(0,0,0)—F4(%,-%,0) —-0.002 —0.037
F3(0,0,0)-Cs8(0,0,0) 0.11 -0.012
Cs8(0,0,0)-Cs9(0,0,0) 0.0009 0.003
8i(0,0,0)—F4(0,0,0) 2.33 0.45

2The parameters are each defined in Ref, 3.
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FIG. 7. Calculated phonon density of states for Cs,SiFg
at 6 K.

time, ‘

The 140-point calculated g(w) for Cs,SiF; is
shown in Fig. 7. The individual peaks in the cal-
culated spectrum have been labeled. We must now
identify the origin of each of these peaks. The
distribution function g(w) can be expressed? as a
sum over the vibrational mode branches

ym=2&@n (5)
with
v o1 ds
64) = s ., ol ©

TABLE IV. Composition of the calculated phonon den-
sity of state peaks shown in Fig. 7.2

Peak Energy (cm-1) Assignment
A 37 TA(L3)
B’ 58 LCs* (X;)
B 63 TCs* (L)
c 75 LCs*(L}), LA(L;)
D 100 TO
E 111 LO(L;)
F 121 Rot(X})
G 140  LO(I),Rot(L})
H 239 Tv,
1 253 Lvg
J 405 Vg
K 458 vy
L 474 Lv,
M 663 v
N 721 Tv,
o 734 Lvg

2Note that 1 meV=8.066 cm-1,

Here S(w) is a surface of constant frequency w

= w,q), and V is the volume of the unit cell. In
general, g(w) will contain a singularity where
Vw'j(a) =0, and in regions of high symmetry this
will often give a large density of phonon states.
These singularities are known as critical points
or Van Hove singularities.!®> The phonon charac-
ter of each of the peaks in Fig. 7 has been deter-
mined by assuming that they result from the high-
symmetry dispersion curves where Vw (@) = 0.
The results are given in Table IV.

V. INTERPRETATION OF VIBRATIONAL AND
VIBRONIC SIDEBAND RESULTS
A. Vibrational Raman analysis

The Raman effect in solids is the inelastic scat-
tering of photons by phonons. In the first-order
Raman scattering process the incident photon
(wy, 1?1) is scattered within the solid to create or
destroy a phonon (w,,qd), and a photon of frequency
and wave vector (w,,Ef) is emitted such that con-
servation of energy and momentum occurs:

WS wtw,, (7
B =F,+q. | ®)

Also, there is the symmetry requirement that the
phonon transforms according to the proper irre-
ducible representation. In first-order Raman
scattering, |&;| is about 10° em™, and this is
much less than the zone boundary 13| crystal val-
ue; thus only phonons from the center of the
Brillouin zone can be involved.

Standard group theory* shows that at the
Brillouin zone center, phonons that transform as
the I''*, I'**, and I'** irreducible representations
will be Raman active in a pure Fm3m Cs,SiF-
type crystal. If the 6 K Raman data for Cs,SiF,
(Fig. 2) are compared with the zone-center vibra-
tional mode Raman-active irreducible representa-
tions, we can assign the 68.8-cm™ peak to the
cation-motion mode which transforms as I'®*,
Also, the 401 cm™ peak is assigned to the I'** in-
ternal vibrational bending mode, and the two high-
er energy peaks at 647 and 469 cm™ are assigned
to the I'** and I"®* internal stretching modes.

Chodos, Black, and Flint® (CBF) have reported
the Raman spectrum at room temperature for
Cs,SiF, and Cs,GeF,. Their results are very sim-
ilar to the Fig. 3 data with the single exception
that a weak peak is observed at 38 cm™ in the
room-temperature experiments. CBF suggest
that this peak could be due to the L* zone-bound-
ary acoustic-mode observable via a lattice im-
perfection, or could be due to a difference band.
The lattice-imperfection hypothesis can be tested



by using results of Loudon.'® He has shown that
the presence of a single substitutional or vacancy
defect reduces the symmetry group of the system
from the crystal space group to the point group of
a lattice site. Thus, from the Loudon tables, it
follows that the L* transverse acoustic mode at
34 cm™! reduces in the cubic site symmetry to the
r'*, I'*, and I'"" irreducible representations and,
because of inversion symmetry, is not Raman
active. Thus the peak at 38 cm™ probably arises
from a two-phonon process. A possible assign-
ment is LA(X*)-TA(X>).

B. Vibrational infrared analysis

For an infrared absorption process, a photon
may be absorbed provided the wave vector and
energy are conserved. The first-order infrared
process consists of only zone-center excitations.
Multiphonon-absorption combinations are governed
by the relations'®

w=i2(:tw,), ' 9)

q+ar=)(+k), (10)

where w and q are the energy and the wave vector
of the absorbed photon, w, and k, are the energy
and the wave vector of the ith photon, 7 is a re-
ciprocal-lattice vector, and = is an integer. For
one- and two-phonon processes, n=0, andfor a
three-phonon process, n=0, z1.

We can apply these conservation rules to assign
the available infrared data for Cs,SiF,. The far-
infrared spectrum of Cs,SiFy at 80 K has been
reported by Chodos, Black, and Flint,° They
observed a strong broad band at 106 cm™! which
they assign to the zone-center TO lattice mode
and a shoulder at 121-126 cm™'. The TO lattice-
mode assignment is in satisfactory agreement
with the 6 K inelastic neutron scattering result
of 98 cm™!. For the shoulder at 121-126 cm™!,
CBF assign this to the longitudinal-optical (LO)
mode allowed by lattice imperfections. The neu-
tron results indicate that the zone-center LO en-
ergy is about 135 cm™', which rules out the CBF
interpretation. An alternative explanation is to
assign the observed peak as a multiphonon band.

The infrared spectrum in Fig. 4 can be assigned
from a consideration of all the multiphonon com-
bination bands. Here, combination bands of the
following types must be considered: internal +
lattice, internal + internal, and lattice + lattice.
The energies and assignments are given in Table
II. Peaks 1, 3, 4, 5, 10, and 21 can be assigned
to (internal + lattice) combination bands at I" and
L symmetry points. These peaks have appreci-
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able intensity and show increased sharpness as
the temperature is lowered. The (internal + in-
ternal) combination bands can be assigned to I
point modes with the exception of peak 6, which
arises from the L point; also, it is interesting
that this type of combination band also shows a
strong temperature dependence (see peak 20).
There has been no need to assign any of the peaks
to three-phonon combination bands.

C. Vibronic sideband assignments

In this section we demonstrate how the optical
spectra of an impurity ion-host system can be
understood in terms of a lattice-dynamical model.

- In particular, we consider the d® manganese (IV)

hexafluoride ion, MnF¢? doped in a Cs,SiF -type
lattice, In recent years, the MnF, 2 octahedral
system has been the subject of a large number of
studies.'®%2 The sharp-lines and detailed vibron-
ic structure for the absorption and emission spec-
tra of the ‘A,,~—?E, transition makes the Mn**
ion in cubic symmetry an ideal system for study.

Loudon’® has discussed the selection rules for
phonon assisted electronic transitions in a face-
centered cubic lattice in which an impurity ion is
substitutionally placed in the lattice. He has
pointed out that observed vibronic peaks in the
electronic spectrum of the impurity ion can arise
from lattice phonons with the correct symmetry
consistent with the initial and final electronic-
state symmetries, as well as from localized vi-
brations of the impurity ion which have no ana-
logue in the perfect crystal. Also, it is expected
that when the impurity-ion vibrational energies
are close to the host-lattice energies, strong
coupling can occur if the irreducible representa-
tions of the two motions are the same.

Let us now consider the necessary conditions for
the appearance of phonons in impurity-ion elec-
tronic spectra. The presence of a substitutional
defect in an otherwise perfect crystal removes
the translational symmetry of the system and re-
duces the symmetry group of the system from the
crystal space group to the point group of the lattice
site. Loudon® has provided a table for the reduc-
tion of the space group representations of a face-
centered cubic lattice. Consider an impurity ion
that undergoes a vibronic electric-dipole allowed
transition, with I'; and T, the irreducible repre-
sentations of the initial and final electronic states.
Since the electric dipole operator transforms as
I'*, the selection rule for participation of a pho- -
non is that one of its site symmetry irreducible
representations is contained in the direct product
IxI*xT,.. For the MnF,? ‘A, -—’E, transition,
phonons with I' and I'*" site symmetry irreduci-
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ble representations can appear in the vibronic
structure.

If the impurity -ion interaction with the host-lat-
tice vibrations is linear with the phonon normal
coordinates, the probability W for a transition of the
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creation of a phonon (gT), is given at low tetﬁper-'
atures by’

=(21/1) 1 101X 1P (@)S(E - 7w - Ey),  (11)

impurity ion from electronic state i to state f, with with
- n @ 1 far 1000, 1019, ;1019,)0, 1f; I¢>) '
Gl 01xy) ;(Zw ) ( ) 1.(EbJrﬁbo.’ar)i zE +£wa:) °E, (12)

0 is the electric dipole operator and f. is the part
of the interaction Hamiltonian H' (H'= Ear S3rQsr)
which operates only on the impurity electronic
states. For the initial state, |x;), the phonon
state belongs to the identity representation, and
thus |x;) transforms the same way as the initial
electronic state |¥;); also, the final state |x,)
involves the electronic state ]z,bf) and a phonon with
energy 7iwzr. From Eqs. 11 and 12 we expect vi-
bronic transitions to be observed at those phonon
energies where the phonon density of states peaks.
The relative strength of an individual vibronic
transition will be governed by the selection rules
for the phonons which contribute to the phonon
density of states (PDS) peak and by the magnitude
of the (x;|01x,) matrix element. Thus if a par-
ticular PDS peak involves phonons with only ger-
ade symmetry, that particular peak will not appear
in the experimental MnF, 2 d-d vibronic spectrum.
In addition, even in a PDS peak arises from pho-
nons with the correct site symmetry, there is the
additional requirement from Eq. (12) that these
phonons provide a changing crystal field at the
metal impurity site location. If this does not
occur, then (;!0/x,) =0, and the PDS peak cannot
appear in the impurity-ion vibronic spectrum.

r

Recently Manson et al.? have measured the de-
tailed 2E, - A, ¢ emission spectrum at liquid-heli-
um temperatures for (MnF,)™2 impurities in the
Cs,SiF, system. A summary of the major peaks
and relative intensities is given in Table V for
the 0-200-cm™ region. In addition, Manson!® has
determined from magnetic circular emission mea-
surements that the excitation at 70 ecm™ has pre-
dominantly I'*" character. The structure in the
luminescence spectrum should be directly due to
the host-lattice vibrational specfra. Quantitative
comparison of theory and experiment, however,
would require detailed calculations of the matrix
elements in Eq. (11), which would, in turn,
necessitate precise evaluation of the electronic
wave functions of the impurity ion. A qualitative
understanding can nevertheless be achieved by
use of the site symmetry selection rules. .

We have used two methods to relate the lumin-
escence spectrum to the phonon density of states.
First we have simply assumed that all the calcu-
lated PDS peaks can appear in the spectrum with-
out any symmetry restrictions. In this case the
assignments have been made by comparing the
energies as well as the intensities of the peaks.
We note first of all that with all transitions allowed

TABLE V. Summary of Cs,MnF;— Cs,SiF; 2E—%4,, emission data at 15 K and phonon den-

sity of state peak assignments.

Cs,SiFg PDS assignment

Emission experimental results at 15 K2 PDS peak Site symmetry of
Vibrational assignment PDS peak from

Peak no. Energy (cm-1) Relative intensity (see Table IV) Loudon Tables ?

1 41 3.8 A (37 cm™t) -4+ -+ T5-

2 59 5.9 B’ (58) I3+ T4~

3 70 10.0 C (75) -

4 104 4.5 D (100) TO (I'4-)¢

5 120-130 2.3 G (140) (T4-)e

6 160 9.5 B+ D (163) 4+ I’

7 191 3.2 C + E (186) T4+ I'5-

2Emission experiments carried out in our laboratory on MnFg2 in Cs,GeFg at 1.8 K show
similar phonon structure but peaks 6 and 7 have smaller relative intensities.
PIf the site symmetry is I'4- or I'’- then the PDS peak, from symmetry considerations, can

appear in the 44,,~— %E, spectrum.

¢Split into transverse and longitudinal components.



that there are more peaks predicted than observed.
In addition, the peak at 70 cm™ might be assigned
on the basis of intensity considerations to peak B
in Fig. 7, which does not have I'*" symmetry as
required by experiment. It is therefore clear

that proper account of the site symmetry selection
rules and matrix elements must be taken in order
to understand the luminescence spectrum.

For the second model to assign the Mn**
luminescence spectrum, we have assumed that
the PDS peaks do not appear in the experimental
optical spectrum unless site symmetry selection
rules are obeyed. Thus, for peaks A -G in the
PDS calculated spectrum, Loudon’s tables have
been used to determine if the critical points cor-
responding to each peak have I'*" or I'*" site sym-
metry, and thus should appear in the spectrum.
PDS peaks B, and F are not allowed because they
possess gerade inversion site symmetry. The
remaining PDS peaks A, B’, C, D, and G can be
correlated with experimental vibronic spectrum
peaks with about the correct energy. Also, peak
3 is now predicted to have only I'* site symmetry,
in agreement with the Manson measurements.
Two strong peaks at 160 and 191 em™ in the opti-
cal spectrum do not correspond to single PDS
peaks and are thus assigned to two phonon com-
binations, L;+ L7 and L; + L], respectively.
These two phonon combination bands possess I'*
or I'*" gite symmetry, and thus are in agreement
with the Loudon selection rules. In Table V a
tabulation of the assignments is presented.

We have demonstrated that the phonon-assisted
peaks that appear in the experimental ?E,—~*4,,
Cs,MnF,-Cs,SiF, optical spectrum for E<200 cm™
can be assigned to specific high-symmetry criti-
cal points in the phonon spectrum for Cs,SiF,.
Furthermore, in the E> 200 ¢cm™ portion of the
experimental optical spectrum, Chodos, Black,
and Flint® have assigned the 16 multiphonon bands
involving four low-frequency lattice modes with
energies of about 41, 67, 104, and 127 cm™,
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These modes can be assigned to PDS peaks A, C,
D, and G in Fig. T.

VI. SUMMARY

The primary result of this paper is to report
phonon dispersion curves for the cubic antifluorite
material Cs,SiF,. It has been shown that the 14-
parameter O’Leary and Wheeler rigid-ion model
provides a reasonable representation of the lattice
dynamics of a Cs,MF,-type system. Second, the
infrared and Raman spectra of Cs,SiF, at low
temperatures can be assigned in a fairly simple
fashion by invoking only single- and double-pho-
non combination bands of the proper symmetry.

Finally, in an attempt to identify the phonons
that participate in phonon-assisted optical d-d
transitions in mixed-crystal A ,MX;-type sys-
tems, we have compared the luminescence spec-
trum of the ’E,—~“A,, transition of Mn(+4) doped
in Cs,SiF, with the Cs,SiF; phonon density of
states. We find that the phonon density of states,
coupled with the impurity site symmetry relations
of Loudon, is sufficient to understand the low-en-
ergy structure observed in the luminescence spec-
trum.
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